Abstract: We present the realization of a high-efficiency, compact, and thermally tunable unidirectional launcher of surface plasmon polaritons (SPPs) in a double-slit structure filled with phase change materials (PCMs). PCMs such as VO 2 provide a feasible way for tailoring optical properties, particularly refractive index as a function of heat. By introducing a narrow hybrid dielectric layer beneath the slits, SPPs couple efficiently into waveguide mode and propagate within the slot waveguide with considerably high intensity. Our simulation results revealed up to 80% coupling efficiency into the slot waveguide with extinction ratio of 1:800 between the left and the right slots can be achieved at telecommunication wavelength for normally incident P-polarized light. By heating the coupler above the VO 2 phase transition temperature, the coupling and consequently the crosstalk approaches zero. Propagation length and other properties of the structure are characterized to confirm the feasibility of the coupler. This approach of unidirectional coupling into slot waveguides may lead to the development of integrated plasmonic circuits and on-chip applications.
Introduction
The rigid tendency for the miniaturization of communication systems has compelled researchers to design optical integrated circuits beyond the diffraction limit. This target can be achieved by exploiting surface plasmon polaritons (SPPs), which are propagating transverse magnetic waves at the interface of a dielectric-metallic layer [1] , [2] . To fully develop plasmonic chips, various phenomena associated with excitation, propagation, and scattering of SPPs should carefully be addressed [3] - [6] . Considering mismatch in light and SPPs wave vectors, normal illumination cannot excite SPPs, unless gratings, slits, holes, or any symmetry broken configurations are implemented [7] , [8] . The most successful SPPs generator is Bragg grating, which is composed of some periodic grooves that can excite SPPs and directionally guide them toward the desired direction [9] . Two main figure-of-merits for SPPs launchers are the coupling efficiency and extinction ratio, which demonstrates the ratio between intensity along the desired direction and the opposite direction. The tradeoff between the coupling efficiency, the extinction ratio and footprint always was an indispensable task. Single hole or slit, hole or slit with corrugated grooves, metasurfaces and double slits with equal and unequal widths have been offered as unidirectional propagation features with acceptable coupling efficiency, extinction ratios, and small footprint [10] - [14] . Alternatively, for plasmonic on-chip applications, the active control of light propagation and unidirectional propagation by external stimuli has attracted recent research attention. Numerous electrically and all optically controlled schemes by exploiting the electro-optical effect have been proposed, characterized, and fabricated [15] - [17] . Previously, we introduced an active unidirectional launcher based on a double-slit structure that yields directional propagation at the desired direction with 55% coupling efficiency and extinction ratio of 1:70 under external voltage [18] . However, the fabrication process for electro-optical materials remains a major challenge.
Phase change materials (PCMs), such as vanadium dioxide (VO 2 ) [15] , [19] - [22] and GeSbTe [23] - [25] have superior characteristics to actively control light in the telecommunication regime because of their phase transition from insulator to metal. However our particular attention is VO 2 to assure the proof-of-concept feasibility due to similarity with the fabricated configuration that has been reported by Kocer et al. [26] . At the transition temperature of 68˚C, VO 2 undergoes a reversible phase change on picosecond timescale. As the temperature increases Metallic Island inside the insulator VO 2 is created and at transition temperature entire the VO 2 film eventually becomes metallic. This transition can be triggered by different stimuli, such as strain, current, voltage, and optical pumping, but most typically by increasing temperature. The mechanism for this transition completely has been calculated from basic principles using Peierls instability coupled with an enharmonic phonon contribution [27] . The transition is accompanied with a large variation in refractive index. In the telecommunication regime at a wavelength of 1550 nm, the refractive index in insulating phase is about 3 + 0.4i and becomes 2 + 3i in the metallic phase [28] . The effective dielectric function of VO 2 film in the phase transition process can be described by Bruggeman effective medium theories [29] . Recently, a thermally tunable plasmonic absorber consisting of metallic grating with narrow slits filled by VO 2 has been proposed and experimentally demonstrated [26] .
We adopted the concept of metallic grating filled with VO 2 with our previously reported double-slit structure and proposed a unidirectional launcher. Two unequal slits filled with VO 2 is considered. To achieve the waveguide coupling mode, a narrow dielectric layer is embedded and followed by another metallic layer to sandwich the dielectric layer and make a hybrid scheme. Through analytical calculations for geometrical parameters, constructive interference occurs beneath the slits along one direction and enhances the light intensity. Numerical results based on finite element method (FEM) technique demonstrate that the proposed device offers extra-coupling efficiency up to 80% and extinction ratio of 1:800. Other features of this coupler are polarization and incidence angle dependent, single-wavelength functionality, and small footprint.
Structure Description and Theoretical Approach
A schematic of the plasmonic directional launcher with two unequal slits (w 1 , w 2 ) with interspace distance d milled on silver film with thickness t filled with VO 2 is shown in Fig. 1 . To limit SPPs propagation into a confined space, a narrow silica layer under the slits followed with one more metallic layer is introduced to make a hybrid metallic-dielectric-metallic waveguide slot. The working wavelength is in the telecommunication regime (1555 nm); light is p-polarized and impinges from the top. Line A is at the center of interspace distance, and line B is at the center of the dielectric layer; these lines are the monitoring lines for observing light intensity variations. d, t, w 1 , w 2 , and h are 1616, 280, 100, 400, and 25 nm, respectively. The reason why these values are chosen will be explained in the next part. The refractive index of silica is 1.36, and the refractive index data of VO 2 is adopted from experimental work reported by Joushaghani et al [28] . For our sample at 1555 nm, the refractive index for the insulating phase is about 3 + 0.4i, and permittivity of silver is represented by Drude model:
where high-frequency bulk permittivity ε ∞ = 4.2, bulk plasmon frequency ω p = 1.346 × 10 16 rad/s, and electron collision frequency = 9.617 × 10 13 rad/s [30] . SPPs can only be excited by ppolarized light so the structure has inherently polarization dependence feature. For a profound analysis of structure, we have performed numerical calculation based on two dimensional FEM technique. The structure can be fabricated by using magnetron sputtering to deposit a silver layer and silica. Subsequently, focused ion beam milling of the slits can be perforated. Finally, VO 2 can be filled inside the slits by using conventional e-beam lithography and deposition techniques.
Subwavelength slits in a metallic film can excite SPPs by compensating the necessary momentum for the SPPs excitation modes. A portion of incident radiation propagates through the slits and partially scatters into free-space radiation at the exit aperture. The remainder propagates on the metal-dielectric interface. The hybrid configuration leads all the light at the exit aperture to propagate inside the narrow slot. A raw approximation about the thickness of the hybrid layer is that it should be about the penetration depth of SPPs, which for silver is about 27 nm [1] .
The slits can be considered as Fabry-Perot (FP) resonator with two open ends. Due to multireflection effect inside the slit an effective refractive index (N eff ) that is larger than the air refractive index and strongly depends on the slit width, incident wavelength, and dielectric medium can be introduced. In reference [31] an analytical relationship for N eff has been introduced that the slit width inversely affects N eff . Therefore narrow slits yield in large effective refractive indexes. The values of N eff for our desired parameters are obtained from our previously reported result [18] . Therefore, by changing the slit width or dielectric medium inside the slits, different phase retardation can be imposed on travelling SPPs through the slit. The present study aims to obtain the geometrical parameters that cause SPPs constructively interference along one direction on the unilluminated surface while destructively along the opposite direction [11] . To attain this goal, the relative phases of SPPs at two exit apertures should be correlated with each other through a proper interspace distance [11] :
where φ 1 and φ 2 are the relative phases of travelling SPPs at the exit apertures for the left and right slits, respectively; λ sp is the SPPs wavelength given by λ sp = λ(
1/2 ; ε and ε d are the dielectric functions of metal and dielectric medium, respectively; d is the interspace distance; and M is an arbitrary integer. The relative phase of each slit can be obtained by φ 1,2 = N eff1,2 2πt/λ, where t is the film thickness, λ is the wavelength of incident light, and N eff1,2 are the effective refractive index of the left and right slits with slit width w 1 and w 2 , respectively. If t is a given value, then the equation can be solved for d when M = 1:
where N eff is the difference of effective refractive indexes of the slits.
Result and Discussion
For our considered slits, the effective refractive indexes at the mentioned wavelengths are 1.208 and 1.055, respectively. For t = 280 nm and our working wavelength; d is obtained from Eq. (4) to be 1616 nm. Other values of M can yield high orders of interspaces. At this distance, maximum unidirectional propagation is observed. However, high orders should have low intensity due to the propagation loss that occurs for travelling SPPs along the surface. Fig. 2(a) shows the magnetic field distribution. The slot thickness numerically is swept to optimize the result; the optimized value for slot thickness is determined to be 25 nm. The magnetic field at the undesired direction because of destructive interferences is completely quenched. Fig. 2(b) depicts the light intensity along monitors A (red line) and B (blue line) when VO 2 is in dielectric phase. The green line is the intensity of double slit structure along monitor B where the lower metallic layer is replaced by silica as demonstrated in the inset of Fig. 2(b) . Some results can be extracted from this figure. 1) The hybrid structure amplifies unidirectional light intensity by approximately 50-fold. 2) The coupling efficiency is more than 80%, which is considerably high. The average light intensity inside the hybrid layer at short distances does not have considerable variation with the average intensity on top of the metallic surface.
3) The obtained extinction ratio E L :E R is 1:800, which is impressively large compared with reported results. 4) The periodic behavior of the light inside the slots is equal to SPPs wavelength inside the slot. 5) The propagation length or distance where intensity of SPPs drops to 1/e of its maximum value is 8.5 μm.
Similar results can be obtained in passive unidirectional launchers. To reveal the role of VO 2 , we allow VO 2 to undergo transition from insulator to metallic phase. This transition can be initiated by different stimuli, such as heating, optical pumping, voltage, or current. A feasible technique to heat the VO 2 without major effect on the overall response of the whole configuration is heating electrically by separated electrodes for each slit [32] , [33] . Thermal expansion of substrates that widely has been investigated by different groups is an effect that can affect VO 2 films, especially thick films through their plasma frequency [34] . However in our case because VO 2 film is not thick and has small volume; so this effect was neglected [28] . Moreover when the structure is heated, it is expected the system hinder the light propagation so any unwanted thermal expansion assists in the structure functionality.
Once the sample is heated above the transition temperature (68°C), the refractive index is altered and becomes about 2 + 3i at our working wavelength. Fig. 3(a) shows the field distribution when VO 2 is in the metallic phase. The amount of light enters to the slot waveguide is negligible. As shown in Fig. 3(b) , the axial field intensity along monitor B verifies that no SPPs propagate inside the slot. The phase change transition is reversible on the picosecond time scale so we can easily switch light propagation to the slot waveguide by tuning the heat [35] .
The main advantage of using PCM is minimizing crosstalk when the structure is illuminated by non-resonance wavelengths. However, in the structure designed to deliver unidirectional coupling at the desired wavelength, a large portion of light as crosstalk can travel through the slits and equally propagate toward left and right waveguides. When VO 2 undergoes transition and transforms into a metal, the imaginary part of refractive index increases sharply and causes zero transmission for the entire wavelength range. Fig. 4(a) shows the coupling and extinction ratio as a function of wavelength for both metallic (blue) and insulating phase (red). Despite a sharp peak for the extinction ratio in insulating phase at resonance wavelength (full width at half maximum is about 10 nm), the coupling efficiency that is shown in the inset of Fig. 4(a) is about 50%. However, it is equally split in both left and right slots, so the extinction ratio is low. In the metallic phase, both coupling and extinction ratio are almost negligible. As a result for any wavelength, the crosstalk approaches zero that is critical for optical communication systems.
During the phase transition of VO 2 , a structural change from a monoclinic to a tetragonal lattice structure occurs [36] . The exact mechanism has been investigated, and different mechanisms have been introduced. VO 2 consists of many domains, and transition occurs gradually when different domains undergo transition at different temperatures. Thus, the refractive index changes gradually. By increasing heat, the metallic portion of VO 2 increases and becomes fully metallic above 68˚C. The temperature-dependent refractive index at telecommunication wavelength is extracted from reference [37] . Consequently, the coupling and extinction ratio versus temperature is shown in Fig. 4(b) . Both parameters abruptly drop when the temperature is above the transition temperature. Intermediate values for the coupling and extinction ratio can be realized as a tunable intensity coupler.
If the left slit is kept in insulator phase and the right slit undergoes transition, then a switchable unidirectional transition can be achieved. The proof-of-concept can be accomplished by replacing VO 2 in the left slit with a dielectric material that has similar refractive index. Fig. 5(a) shows the magnetic field distribution when the right still is in the metallic phase while the left slit is in the insulator phase. Unidirectional coupling to the left slit can be seen. The axial field distribution along monitor B for different temperatures is presented in Fig. 5(b) . By increasing temperature, light coupling can be switched from right to left. Fig. 5(c) shows the coupling of light to the left and right slots as a function of temperature. Coupling to the left slit is smaller than that to the right slot, which can be attributed to a wider slit and consequently more light flow. The maximum realized coupling efficiency is 50%. Fig. 5(d) shows the extinction ratio as a function of temperature. The left axes are the extinction ratio upon coupling into the right slot (blue line), whereas the right axes are the extinction ratio when coupling into the left slot (red line) occurs. The maximum obtained extinction ratio is 22:1, which is much smaller than the corresponding ratio to the right slot.
Finally, we considered phase transition for left slit, whereas the right slit is in the insulator phase. By increasing temperature, the portion of light begins to move toward the left slot. Maximum coupling of 55% is realized when the left slit is fully in the metallic phase. However, coupling to the right slot does not change considerably. The extinction ratio also drops sharply and approaches 1:2.6. Fig. 6(a) shows the magnetic field distribution when the left slit is fully metallic and the temperature is higher than the transition temperature. Fig. 6(b) shows the axial field distribution along monitor B for different temperatures.
Conclusion
For the first time, by utilizing PCM in a double-slit structure, we theoretically proposed and investigated a SPPs unidirectional launcher and coupler in the same structure for telecommunication wavelength with super high extinction ratio of 1:800, coupling efficiency of more than 80%, and small footprint. The structure is polarization and incident angle dependent and has no crosstalk for non-resonance wavelengths when VO 2 undergoes phase transition. Moreover, the structure is designed to respond at a single wavelength. For any desired wavelength, proper geometrical parameters can be determined accordingly. Our results may have potential applications in plasmonic integrated circuits and on-chip applications.
